INTRODUCTION
Antipsychotic drugs are the mainstay of treatment for patients with schizophrenia. Despite proven efficacy, their use is associated with a high prevalence of residual morbidity, such as cognitive deficits and the persistence of positive and negative symptoms (Stahl and Grady, 2004) . As a consequence, clinicians often treat patients with chronic schizophrenia with multiple medications, including combinations of antipsychotics and anticonvulsants (Zink et al, 2004; Riedel et al, 2005; Tuominen et al, 2006) . Unfortunately, the results of clinical trials provide little support for such efforts (Stahl and Grady, 2004; Buckley and Shendarkar, 2005; Chakos et al, 2006; Honer et al, 2006; Kreyenbuhl et al, 2006; Messer et al, 2006) . Therefore, there is an urgent need for the development of more effective treatments for schizophrenia for use as monotherapies or as adjuncts to antipsychotic drugs.
Memantine, an uncompetitive N-methyl-D-aspartate (NMDA) receptor antagonist (Parsons et al, 2007) , is approved for the treatment of moderate to severe Alzheimer's disease (AD) in many countries worldwide, including the United States and countries of the European Union. It has been shown to delay cognitive decline in patients with dementia (Reisberg et al, 2003; Tariot et al, 2004; McShane et al, 2006) , an effect hypothesized to arise from its ability to block the excessive influx of calcium ions through the channel of the activated NMDA receptor (Parsons et al, 2007) .
The rationale for using memantine as an adjunctive therapy for patients with schizophrenia comes from the fact that the glutamatergic system, and specifically hypofunctioning of NMDA receptors, has been implicated in the pathophysiology of schizophrenia, and is thought to mediate several psychopathological components of the disease including psychotic, negative, and cognitive symptoms (Javitt and Zukin, 1991; Bressan and Pilowsky, 2000; Carlsson et al, 2000; Egerton et al, 2005; Yang and Chen, 2005) .
Consequently, the glutamate system and NMDA receptors have been an attractive target for drug development. Several clinical trials have shown improvement in patients with schizophrenia receiving atypical antipsychotics when treated with NMDA receptor allosteric agonists at the glycine B site (glycine, D-serine, D-cycloserine, sarcosine; Coyle et al, 2002; Tsai and Coyle, 2002; Lane et al, 2005; Buchanan et al, 2007) . Paradoxically, schizophrenic symptoms may also be improved by NMDA receptor antagonists, as glutamatergic neurons in the prefrontal cortex are inhibited by NMDA-mediated GABA interneurons (Maccaferri and Dingledine, 2002; Homayoun and Moghaddam, 2007) . NMDA receptor antagonists have been shown to release this inhibition, producing profound indirect excitation of cortical pyramidal neurons and increased glutamatergic outflow in the cortex (Moghaddam et al, 1997; Homayoun and Moghaddam, 2007) . Finally, the efficacy of memantine in delaying cognitive decline of patients with AD (Reisberg et al, 2003; Tariot et al, 2004; McShane et al, 2006) suggests a potential for treating cognitive impairment, as well as for preventing progression of the illness in schizophrenia.
The purpose of this study was to examine the efficacy and safety of memantine as an addition to ongoing therapy with atypical antipsychotics in patients with schizophrenia who were partially responsive to antipsychotic treatment but exhibited persistent residual psychopathology.
MATERIALS AND METHODS

Participants
Participants were male or female outpatients, 18-65 years at the time of screening, with a diagnosis of schizophrenia (paranoid, disorganized, catatonic, or undifferentiated type) or schizoaffective disorder, based on the Structured Clinical Interview for DSM-IV (SCID) (APA, 2000) , for at least 2 years. Patients exhibited residual positive symptoms at both the screening and baseline (total score X26 on the Brief Psychiatric Rating Scale (BPRS), and score X4 on at least one of the BPRS psychosis factor items: conceptual disorganization, hallucinatory behavior, suspiciousness, and unusual thought content). They were also required to have residual positive symptoms for at least 3 months immediately preceding the trial, with no exacerbation in the last 4 weeks. Patients had been treated with atypical antipsychotic monotherapy (olanzapine, risperidone, quetiapine, aripiprazole, or ziprasidone) for at least 3 months before randomization, and were required to remain on a stable dose for at least 4 weeks before randomization and throughout the study. Mood stabilizers (lithium and divalproex) and antidepressants (only the selective serotonine reuptake inhibitors (SSRIs) venlafaxine, and mirtazapine) were permitted as part of antipsychotic pharmacotherapy, with doses kept constant throughout the period of randomized treatment. Women practiced a medically acceptable method of contraception, or were surgically sterile or post-menopausal for at least 2 years. Women of childbearing potential were required to have a negative pregnancy test at the screening. All patients were also required to speak, read, and understand English, and provide verbal assent.
Criteria for exclusion were a 20% change in total BPRS score from screening to baseline; primary or secondary diagnosis of bipolar I disorder, either manic or mixed episode, as defined by DSM-IV (SCID); active suicide or homicide intent, or a suicide or homicide attempt in the preceding 6 months; organic brain disease, dementia, or a traumatic brain injury; evidence or history of malignancy (other than excised basal-cell carcinoma) or any significant hematological, endocrine, cardiovascular, respiratory, renal, hepatic, or gastrointestinal disease; or abnormalities on physical examination, vital signs, electrocardiogram (ECG), or clinical laboratory values, unless judged to be clinically insignificant by the study physician.
Additional exclusion criteria were a history of substance dependence (including alcohol, but excluding nicotine) as defined by DSM-IV and relapse within the past 6 months, or substance abuse within the 3 months preceding the trial; positive urine test for illicit drugs; HIV infection; use of a disallowed concomitant medication (including anesthetics, anticonvulsants (other than divalproex), anti-Parkinson's drugs, cholinesterase inhibitors, herbal supplements, muscle relaxants, systemic steroids, and stimulants); previous participation in an investigational study of memantine or neramexane; treatment with any investigational drug within 30 days or five half lives (whichever is longer) before study entry; or a history of hypersensitivity to memantine or other drugs of the same class.
Patients could also be excluded from the trial if judged unsuitable by the investigator.
After complete description of the study to the subjects, written informed consent was provided by patient, guardian, or legally authorized representative.
Study Design
This proof-of-concept study was a multicenter, 8-week, double-blind, placebo-controlled, randomized trial. Eligible patients were assigned to receive placebo or memantine (once daily), with dosing titration as follows: week 1, 5 mg/ day; week 2, 10 mg/day; weeks 3-8, 20 mg/day. The study profile is shown in Figure 1 . The required sample size was determined using the assumption that a clinically meaningful difference between the two treatment groups would be 8.5 points in total PANSS score with a pooled standard deviation of 14.7.
Efficacy
The primary outcome measure was the total score on the Positive and Negative Symptoms Scale (PANSS; Kay et al, 1987) , administered at baseline (week 0) and at all subsequent visits (weeks 1, 2, 3, 4, 6, and 8). Secondary outcome measures included positive and negative PANSS scores (all visits), PANSS responders (defined as patients with a 10% or greater reduction in total PANSS score), Calgary Depression Scale for Schizophrenia (CDSS; weeks 0 and 8; Addington et al, 1996) , Clinical Global Impression of Severity (CGI-S; weeks 0, 4, 6, and 8; Guy, 1976) Change from baseline by visit in PANSS hostility factor score was an additional efficacy measure.
The PANSS is a 30-item scale, developed to assess both the positive and the negative syndromes of patients with schizophrenia. The PANSS total score is rated based on a structured clinical interview with the patient (conducted by an experienced clinician or other trained psychiatric rater) and on supporting clinical information, obtained from family, hospital staff, or other reliable informants. Each item is scored on a continuous 7-point scale, and provides evaluation of positive and negative symptoms, as well as general psychopathology. Positive and negative PANSS scores are 7-item, 7-point severity scales derived from the PANSS total (Kay et al, 1987) . The PANSS hostility factor (Bell et al, 1994) is the sum of six PANSS items that measure excitement (item P4), grandiosity (P5), suspiciousness (P6), hostility (P7), uncooperativeness (G8), and poor impulse control (G14). PANSS hostility factor was selected with the purpose of investigating whether memantine treatment confers benefits on symptoms of hostility and agitation/ excitement. The CDSS is a 9-item scale designed to assess depression specifically in patients with schizophrenia (Addington et al, 1996) . The 7-point CGI-S scale measures the overall severity of illness, compared to the severity of other patients the physician has observed, whereas the 7-point CGI-I measures the change from baseline in the overall severity for each individual patient (Guy, 1976) . BACS is a 7-item instrument, designed to measure treatment-related improvements in cognition of patients with schizophrenia (Keefe et al, 2004; Keefe et al, 2006) . It has been validated in patients with schizophrenia and shown to correlate well with both real-world functional outcomes and composite scores from more extensive batteries Kraus and Keefe, 2007) . In PANSS, CGI-I, and CGI-S, higher scores are associated with greater impairment. In BACS, lower score signifies greater impairment. A higher CDSS score indicates higher likelihood of depression in patients with schizophrenia.
The trial was conducted in established clinical centers, experienced in this type of research. All assessment tools were administered by experienced clinicians or other trained raters. In addition, rater reliability training was conducted at the investigator meetings before the start of the study. Finally, a post hoc analysis of possible side effects was performed, and yielded no significant side effects.
Statistical Analysis
All efficacy analyses were performed based on the intent-totreat population, which included all patients in the safety population who had at least one post-baseline PANSS assessment. Hypothesis testing and confidence intervals were two-sided, at the 5% significance level.
The primary efficacy parameter was the change from baseline to week 8 in PANSS total score. It was analyzed using a two-way analysis of covariance model, with treatment group and study center as factors, and the baseline PANSS total score as the covariate. The normality assumption for the primary efficacy parameter was assessed using the Shapiro-Wilk test. The secondary efficacy parameters, CGI-S and CGI-I, were analyzed using the Cochran-Mantel-Haenszel (CMH) test with modified ridit scores, controlling for study center. All efficacy measures were analyzed as specified in the study protocol, using the last observation carried forward (LOCF) approach for imputation of missing values; the observed cases (OCs) approach was used for supportive analyses. The PANSS responder analysis was performed using the logistic regression model, with treatment group and baseline PANSS total score as explanatory variables.
Safety and Tolerability
Safety assessments included recording of adverse events (AEs) and concomitant medications, physical examination, monitoring of extrapyramidal symptoms (using the Barnes Akathisia Scale, Abnormal Involuntary Movement Scale, and Simpson-Angus Scale), vital sign measurements (systolic and diastolic blood pressure, pulse rate, and body weight), ECG, and laboratory tests (including thyroid function and pregnancy tests). A urine drug screen was also performed at screening. Patients were seen by a physician at each visit and the evaluation was documented.
RESULTS
Baseline Characteristics
Treatment groups were well matched at baseline (Table 1) , except for gender (placebo, 79. 1% male; memantine, 59.4% male) and the use of non-SSRI antidepressants (placebo, 13.4%; memantine, 34.8%). Baseline measures of psychopathology and cognition confirmed the presence of substantial residual psychopathology in the participants.
Efficacy
The group treated with memantine experienced a mean change ( ± SD) from baseline to week 8 in total PANSS score (primary outcome measure) of À4.5 ± 10.9, whereas the placebo-treated group experienced a mean change of À3.7 ± 10.2. The least squares mean difference between the two groups was not statistically significant (LOCF, p ¼ 0.570; OC, p ¼ 0.328).
The change from baseline to week 8 observed on all scored secondary outcomes was also not significant between memantine and placebo groups (Table 2, LOCF; OC data not shown). The percentage of PANSS responders at week 8 did not significantly differ between the memantine and the placebo group (39.1 vs 31.8%, respectively; p ¼ 0.378).
Safety and Tolerability
There were no deaths in this study. The number of patients who reported serious AEs (SAEs), treatment-emergent AEs, or who discontinued the study because of AEs are summarized in Table 3 ; discontinuations because of AEs were higher in the memantine group than in the placebo group (11.6 vs 3.0%). The most frequent SAE reported in the memantine group was an exacerbation of schizophrenia symptoms (2.9%), but it was less frequent compared to the placebo group (6.0%). No other SAE was experienced by more than one patient in either group. The most frequent treatment-emergent AEs in the memantine group were headache, insomnia, constipation, fatigue, and dizziness (Table 3) . Dizziness (8.7 vs 3.0%) and auditory hallucinations (5.8 vs 0%) occurred in at least 5% of the memantinetreated patients and with an incidence at least twice that of the placebo group. Most AEs (88.3% in the memantine and 92.4% in the placebo group) were considered to be mild or moderate in severity; 56.7 and 45.5% of AEs experienced in the memantine and placebo groups, respectively, were judged to be related or possibly related to study medication. However, the increases in auditory hallucinations in patients were thought not to be related to study medication.
Review of vital signs, laboratory, ECG, and extrapyramidal parameters revealed clinically unremarkable changes from baseline and a low incidence of potentially clinically significant events.
DISCUSSION
In this proof-of-concept study, there was no evidence of therapeutic benefits associated with adjunctive memantine treatment of residual psychopathology in patients with schizophrenia maintained on atypical antipsychotics. More- over, the presence of auditory hallucinations as a treatmentemergent AE, despite being judged by clinicians to not be related to study medicine, suggests the possibility of worsening of psychotic symptoms by memantine. In addition, memantine treatment was associated with an increased incidence of miscellaneous side effects. Memantine has been shown to be effective compared to placebo in delaying cognitive decline in patients with dementia (Winblad and Poritis, 1999; Reisberg et al, 2003; Tariot et al, 2004; Peskind et al, 2006) , but not superior to placebo for enhancing cognition in healthy subjects (Rammsayer, 2001) . The lack of efficacy and increased side effects of memantine treatment in this study suggest that adjunctive memantine does not provide therapeutic benefit for patients with residual schizophrenia symptoms. It is possible, however remotely, that the participants in this study (patients with chronic schizophrenia, with mild to moderate residual positive and negative symptoms) may not have been the optimal population for studying the effects of memantine. Although no effects on positive and negative schizophrenia symptoms were shown in this trial, it is possible that memantine may be helpful for patients with severe residual psychopathology or more pronounced cognitive impairment. The results of a recent 12-week, open-label trial of memantine involving 18 cognitively impaired patients with schizophrenia demonstrated that memantine treatment (20 mg/day) improved average positive and negative PANSS score by 4.2 and 6.5 points, respectively, as well as the performance on the Wechsler Adult Intelligence Scale-III (Waheed et al, 2006) . In our study, mean (SE) baseline composite BACS z-scores of 0.01 (0.09) and 0.19 (0.09) for the placebo and memantine group, respectively, indicate a study population with only mild to moderate cognitive impairment (Keefe et al, 2004) , which may reflect the relatively young age of the participants (Kurtz, 2005) . Other factors that may have influenced the outcome of this trial include (1) the variety of atypical antipsychotics used (Table 1) , as the study was not sufficiently powered to detect their individual interactions with memantine, (2) the relatively short duration of the trial (8 weeks), (3) the relatively long titration period (3 weeks), which allowed exposure to a maximum daily dose of memantine for only 62.5% time of the trial (5 weeks), and (4) the dose of memantine that was used.
The safety profile of memantine from this trial was less favorable than the established safety profiles of memantine from dementia trials (McShane et al, 2006) , and from a pilot trial in major depressive disorder (Ferguson and Shingleton, 2007) . Also, the outcome of a recent trial in safety and tolerability of memantine (Jones et al, 2007) suggests that a less favorable AE profile of the memantine group in our study was not a consequence of once-daily (vs the standard, twice-daily) dosing regimen. The occurrence of auditory hallucinations in the memantine group (5.8%), but not in the placebo group may be of particular importance for patients with schizophrenia, and may reflect a worsening in the hypofunction of NMDA receptors and dysregulated glutamatergic neurotransmission (Deakin and Simpson, 1997; Krystal et al, 2000) . This was not entirely surprising, as the glutamate (NMDA receptor hypofunction) hypothesis of schizophrenia would predict that patients' symptoms would either improve or worsen, depending on whether the glutamatergic imbalance in schizophrenia involves a deficit or excess of glutamate release and synaptic neurotransmission. The positive results of the recent study with LY2140023, a selective agonist of metabotropic glutamate receptor types 2 and 3, which is believed to act by reducing the presynaptic release of glutamate (Patil et al, 2007) , suggests that the schizophrenia imbalance is in the direction of excessive glutamate release.
It should be noted that recent large, multicenter trials failed to demonstrate any beneficial effects of glycine or D-cycloserine (glycine-site agonists of NMDA receptors) on negative symptoms or cognition (Carpenter et al, 2005; Buchanan et al, 2007) or of lamotrigine (an inhibitor of glutamate release) on total PANSS score (Goff et al, 2006) . However, the widely used mood stabilizer valproate (divalproex) was found to enhance the rate (if not the degree) of improvement in symptoms when added to antipsychotic medication in acutely exacerbated patients with schizophrenia (Casey et al, 2003) .
This study is important for several reasons. First, there is a desperate need for the development of new schizophrenia treatments with innovative mechanisms of action. All currently available drugs for mono-or adjunctive therapy of schizophrenia bind to the dopamine D2 receptor, and a trial of an uncompetitive NMDA receptor antagonist with the prospect of neuroprotection was a potentially important new strategy. Second, despite the widespread practice of combining medications, very few studies have directly assessed the efficacy of adjunctive treatments as was done in this study. Finally, it is essential to report promptly the results of all clinical trials (including negative findings), particularly those in which novel treatment approaches are tested.
